A multiphoton process to the conduction band of the insulator Er 2 O 3 is reported, which occurs in vacuum under near infrared excitation. The enormous upconversion intensity is two orders of magnitude greater than that in air, and also the intensity ratio for green and red emission bands is inverted. The mechanism is probed by experiments of laser power dependence, cathodoluminescence, photoconductivity dependence and chemical dilution, and it involves cross-relaxation energy transfer upconversion of erbium ions to reach the conduction band. The upconversion color is tunable by changes in pressure, laser diode intensity and wavelength, or dopant ion concentration.
. Most importantly, the improvement in upconversion efficiency has been enthusiastically pursued by different means, such as by using noble metal surface plasmon-enhancement [9] . The three basic upconversion mechanisms have not previously been utilized to excite lanthanide ion electrons to the conduction band via a multiphoton process. Part of the reason for this is that the multiphoton upconversion efficiency decreases dramatically when compared with a two photon process [10] . As a move in these directions, we present in this work the upconversion luminescence of Er 2 O 3 involving a band to band multiphoton excitation process. In vacuum, the green and red upconversion and near infrared (NIR) emission were observed to be more than two orders of magnitude stronger than in air. The upconversion mechanism involves excitation from within the valence band (VB) to the conduction band (CB) with the simultaneous production of photoconductivity, as also shown by the dependence of upconversion emission intensity upon incident laser power. This mechanism is expected to be applicable to other lanthanide sesquioxides with interband metastable states of the 4f N configuration.
Experiments
The purity of crude lanthanide oxide powders obtained from American Elements (USA), International laboratory (USA) and Sigma-Aldrich (Germany) was from 99.99% to 99.999%. The samples were mounted in a closed chamber pumped by a vacuum pump (BOC Edwards), whose maximum vacuum is 0.02 mbar. The upconversion and NIR emissions as well as the time-resolved intensity evolution of the spectra were measured by an Edinburgh 920 instrument using 975 nm laser diode excitation. The beam diameter was 1 mm and the maximum power of 1 W represents 50 W cm
2
. Cathodoluminescence was measured under a pressure of ~0.1 mbar and recorded by Ocean Optic USB 4000 fiber optic spectrometer. The luminance for Er 2 O 3 excitation in vacuum and the Commission Internationale de L'éclairage (CIE) coordinates were measured by PR-670 SpectraScan Spectroradiometer. The powder was pressed into thin slab (0.2 mm thickness) for the photoconductivity measurements, and then mounted between two copper alloy electrodes in vacuum. The laser beam irradiated the edge of slab through the window of the chamber. A Keithley 6517A electrometer was used as the voltage supply and resistance detector. 
Results and discussion

Comparison of luminescence under cathode-ray and near infrared excitation
Electron-beam excitation may produce orders-of-magnitude greater carrier generation rates than optical excitation, and it is advantageous in studies of wide band-gap materials. Figs. 1(a) and 1(b) . As previously published [12] , it is thus demonstrated that aboveband gap excitation leads to visible emission from electronic energy levels of Er
3+
. These extensive spectral bands are assigned to emissions from the 4 G 11/2 / 2 G 9/2 (ultraviolet), 4 F 7/2 (blue), 2 H 11/2 , 4 S 3/2 (green), 4 F 9/2 (red) and 4 I 9/2 (NIR) J-multiplets to the 4 I 15/2 electronic ground state, as marked in Fig. 1(a) . These levels are therefore populated by various nonradiative processes from the conduction band (CB) and from interband trap levels. The total Er (C) 2011 OSAemission intensity increases with both excitation voltage and current, similar to the studies of other systems [13, 14] . but the red/green emission intensity ratio decreases with increase of each of these parameters. Emission from higher multiplet terms of Er 3+ is quenched by crossrelaxation processes in this concentrated material. Figure 1( 2 mbar, the intensity of red emission increases by two orders of magnitude, and the intensity ratio of green to red emission increases considerably so that the intensities of these emissions now become comparable.
The sample temperature may be readily calculated from the comparison of the relative intensities of the emission transitions from 2 H 11/2 and 4 S 3/2 . The comparison of the "air" spectrum [ Fig. 1(c) ] with the literature spectrum [15] shows that the sample temperature under 750 mW laser diode excitation in air is ~500 K, and in "vacuum" it is ~800 K. This elevated temperature partly accounts for the differences in the "air" and "vacuum" spectra in Fig. 1(c) , where the former are more clearly resolved and the latter include more transitions from thermally-excited luminescent states. The most important point, however, concerns the similarity between Figs. 1(a) and 1(b) on the one hand, and 1(c) "vacuum", although the former are excited by radiation above, and the latter below, the band gap. Following this observation, we now show that just as for the spectra in Figs. 1(a) and 1(b) , that in Fig. 1(c) also results from initial excitation into the conduction band. Note that candoluminescence is negligible at 800 K [12, 16] .
Dependence of laser power, photoconductivity and chemical dilution
The log-log plots of integrated emission intensity for the wavelength range between 400 and 850 nm, versus laser diode power, for the sample in air or vacuum are shown in Fig. 2(a) . The slopes of the plots are an indication of the number of photons involved in the upconversion processes, given certain conditions described by Gamelin and Güdel [4] . The laser diode radiation is absorbed by a 4f 11  4f 11 intraconfigurational transition, and in the present case it is the 4 I 15/2  4 I 11/2 transition of Er
3+
. The "vacuum" plot in Fig. 2(a) is consistent with ground state absorption to the CB involving 6 (1.27 eV, 10256 cm 1 ) photons. Excitation to the conduction band is accompanied by the production of free charge carriers. The measurement of electrical conduction by the insulator Er 2 O 3 under NIR irradiation was performed by inserting an electrode at each side of a lightly-compressed disc of the powder. In fact, as shown in Fig. 2(b) for three different ambient pressures, there is a large increase in the current detected when irradiating Er 2 O 3 with increasing laser diode powers, with a variable slope which depends upon the laser power. For 0.05 mbar pressure an avalanche increase to a slope value near 20 occurs for laser diode powers above 750 mW. The photocurrent is very sensitive to ambient pressure, as shown in Fig. 2(c) , which may indicate that charge carriers are at the surface, rather than the bulk, of the material. Figure 2 (c) also demonstrates that the upconversion emission intensity and photoconductivity are inter-related, although the emission slope has no "bend". The upconversion enhancement under 975 nm excitation does not occur for (Y 0.95 Er 0.05 ) 2 O 3 so that a cross-relaxation process is implied to be responsible for upconversion to the conduction band in the neat Er 2 O 3 powder. Also, we have conducted further experiments in "air" at elevated temperatures to show that the higher sample temperature in "vacuum", mentioned above, is not responsible for the enhancement of upconversion. Figure 1(a) shows that the highest metastable states in Er 2 O 3 are 2 H 11/2 , 4 S 3/2 , which may be reached by a 2-photon process from 4 I 15/2 . A collective energy transfer from three Er 3+ ions excited in these states (i.e. a 6-photon process) could raise an electron from the valence band into the conduction band. The observation of Er 3+ emission demonstrates that nonradiative population of interband states follows the excitation.
It has been demonstrated [17] that quenching of Yb 2 O 3 broad band emission by gas molecules can be interpreted under a model focusing upon the number of collisions by gas molecules irrespective of the nature of the gas. The emission was characterized by a characteristic pressure (P 0 ) which was linearly dependent upon the laser power and the square root of the mass of the ambient gas molecules. The additional results from the present work suggest that the most important action of these gas molecules is surface charge neutralization, thus depleting the occupation of the CB.
Measured luminance and calculated CIE coordinates
Luminance measurements were performed for the same powder sample of Er 2 O 3 under various excitation regimes. For CL under 6.0 kV with 1.5 A beam current, the luminance was 6000 cd m 2 ; whereas under NIR 1 W excitation power, the luminance was 30000 cd m 2 for 975 nm upconversion and 70000 cd m 2 for 808 nm upconversion, as displayed in Fig. 3 . Considering that the luminance of a commercial fluorescent lamp or white LED is around 30000 cd m 2 , the luminance of upconversion is extraordinary. Employing 975 nm laser excitation with 950 mW power, the luminous efficacy is ~4 lm W 1 . The corresponding value is 14 lm W 1 using 808 nm laser excitation and the color coordinate is closer to white emission compared with that of 975 nm upconversion. 
Conclusions
In summary, the use of vacuum leads to much more intense upconversion emission in Er 2 O 3 than in air. This behavior is not followed in the diluted Er 3+ system Y 2 O 3 :Er
3+
. The similarity of the emission with that obtained using above band gap excitation, as well as the power dependence of emission intensity and the production of photocurrent, show that upconversion to the conduction band has been achieved. The luminance under NIR excitation is spectacular and the emission color can be tuned by various means. A reviewer has drawn our attention to a recent paper by Brandt et al. [18] which reports photoconductivity under NIR excitation for oxides which are heavily-doped in Yb 3+ . Our analogous results support electron transport in the CB, rather than hole transport in the VB.
